We demonstrate broadband infrared pulse shaping by difference-frequency mixing of two visible phase-locked linearly chirped pulses in GaAs. Control of the temporal profile of the emitted field is achieved through this direct tailoring of the exciting visible intensity. The results are in agreement with a simulation with no adjustable parameter. © 2001 Optical Society of America OCIS codes: 320.5540, 260.3060, 320.1590. Sequences of infrared femtosecond laser pulses permit the probing of chemical or biological ultrafast dynamics. If such pulses are carefully tailored, coherent control of vibrational wave-packet evolution can be performed. In particular, schemes have been proposed for control of single-bond molecular excitation or dissociation with an intense ultrashort laser pulse that is appropriately chirped to match molecular anharmonicity.
Sequences of infrared femtosecond laser pulses permit the probing of chemical or biological ultrafast dynamics. If such pulses are carefully tailored, coherent control of vibrational wave-packet evolution can be performed. In particular, schemes have been proposed for control of single-bond molecular excitation or dissociation with an intense ultrashort laser pulse that is appropriately chirped to match molecular anharmonicity. 1 Pulse shaping in the optical domain has been achieved with various techniques, 2 -4 but control over molecular vibrations requires engineering of a broadband field in amplitude and phase in the mid-infrared ͑5 20-mm͒ domain.
In their pioneering experiments, Auston and co-workers 5 put to good use the command of optical pulses to generate far-infrared tunable narrow-band radiation in nonlinear crystals. In those experiments, a quasi-periodic sequence of short pulses of tunable period T , related to the far-infrared emitted frequency, 1͞T , was formed by means of beating between two identical linearly chirped pulses. 5 -7 Such a pulse train can also arise from shaping with a liquid-crystal modulator. 8 Shaping experiments in the mid-infrared domain were recently reported 9 in which the emitted field was fully characterized by electro-optic sampling. In those experiments the optical pulse was shaped as described in Ref. 8 and focused on a 500-mm-thick GaSe crystal. Mid-IR pulse generation was then dictated by phase matching, which prevented direct control of the emitted mid-infrared f ield. Moreover, the emitted f ield was spectrally limited to the phase-matching bandwidth.
In this Letter we report on the generation in ͗110͘ GaAs of broadband mid-infrared shaped pulses by optical rectification of a sequence of two phase-locked chirped visible pulses. As in Ref. 5 , we rely on optical rectif ication to shape mid-infrared field transients. We thus achieve direct control of the mid-infrared emitted field, unlike with emission from phase-matched crystals, 9 in which the relation between the incident and the generated infrared pulses is more intricate.
Assuming that the second-order susceptibility of the emitting material, x ͑2͒ ͑v 1 , v 2 ͒, is constant over the spectrum of the exciting pulse, the optical rectification part of the nonlinear polarization, P ͑2͒ ͑t͒, is simply proportional to the exciting intensity, I exc ͑t͒. This polarization in turn radiates an electric f ield whose propagation depends on the exact experimental conditions. In the case of a plane-wave excitation and a thin nonlinear material, this field can be calculated to be proportional to the f irst derivative of the induced polarization. 10 After a Fourier transform (FT) to the spectral domain, the field reads as
For an exciting pulse in the 15-fs range, the generated electric field, E IR ͑v͒, has frequency components extending to the mid infrared.
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Furthermore, this straightforward relation between the FT of I exc ͑t͒ and the emitted field 12 provides a unique technique for shaping the mid-infrared field. We demonstrate this fact by use of an exciting intensity of variable shape that arises from beating between two linearly chirped visible pulses, E 1 ͑t͒ and E 2 ͑t͒, separated by a variable time delay, t. The intensity of the total exciting field is then 
Considering the amount of chirp used in the experiment, we note that the optical rectif ication of the f irst two terms results in low-frequency components that are below the spectral range of our mid-infrared detector. In contrast, the cross terms inside brackets in Eq. (2) can result in fast-oscillating beating of frequency v IR ͑t͒ that yields mid-infrared radiation after optical rectification, a process that can also be viewed as difference-frequency mixing between the two pulses. The phase of these cross terms is the phase difference between E 1 ͑t͒ and E 2 ͑t 2 t͒, and so we must stabilize time delay t during the whole measurement to avoid any phase f luctuation in the emitted field. If we call w 1 00 and w 2 00 the second derivatives at the center frequency of the spectral phase of pulses 1 and 2, respectively, each pulse can be associated with an instantaneous frequency, v i ͑t͒ ഠ v 0 1 t͞w i 00 . The beating frequency is thus v IR ͑t͒ ഠ sgn͑tDw 00 ͒ ͑1͞w 1 00 2 1͞w 2 00 ͒t 1 jtj͞w 2 00 . Two cases can be considered, depending on the value of Dw 00 w 1 00 2 w 2 00 . If Dw 00 0, the generated frequency is well def ined and is simply equal to t͞w 2 00 ; in this case, tunable narrow-band mid-infrared radiation is generated, similarly to what was reported in Ref. 5 . If Dw 00 fi 0, the generated frequency scans a broader range, and a chirped broadband mid-infrared pulse is then emitted. The value of the second-order derivative of the spectral phase in the infrared, w IR 00 , can be easily deduced from the slope of v IR ͑t͒:
This result can also be obtained in the frequency domain by means of a stationary phase approximation. Below, we go beyond this simple model and simulate our results directly, using an actual experimental exciting-pulse prof ile. The experimental setup is shown in Fig. 1 . We use a Ti:sapphire oscillator with a 100-MHz repetition rate that delivers visible pulses of 20-fs duration, with a spectrum stretching over ͓0.745 0.885 mm͔. The spectral phase of the pulses has been characterized with a spectral phase interferometry for direct electric field reconstruction setup 13 and found to be of the order of 5 fs 2 , which causes negligible temporal broadening of the pulse. E 1 ͑t͒ 1 E 2 ͑t 2 t͒ is the output of a phase-locked Mach -Zehnder interferometer. Chirping is achieved by linear dispersion in identical 17.2-mm-thick SF58 glass pieces. A single piece at position (a) yields Dw 00 0, and one piece at position (a) and a second at position (b) yield w 1 00 2w 2 00 , Dw 00 fi 0. I exc ͑t͒ can be calculated without any adjustable parameter: The spectra of E 1 and E 2 are measured with a spectrometer, which also permits FT spectral interferometry, 14 i.e., very precise measurement of delay t and the spectral phases and absorption induced by the glass pieces. The phases of E 1 and E 2 are locked 15 at p͞2. The choice of this value inf luences only the absolute phase of the infrared emitted f ield. Provided that the detector's spectral response curve R͑v͒ is well characterized, Fourier treatment of S͑T ͒ is known. However, the frequency-dependent spectral phase that is accumulated as a result of dispersion through the GaAs generation crystal is measured and found to remain smaller than 0.3 rad within the spectral range of interest. As this value is far smaller than the spectral phase of the measured shaped pulses, the spectral phase of the reference pulse was assumed to be frequency independent. Aside from this assumption, our measurement is sensitive to the complete field E IR , unlike in the study reported in Ref. 5 , in which only the spectral amplitude of the emitted terahertz field was measured.
The amplitude, A IR ͑v͒, and the phase, w IR ͑v͒, of the FT of S͑T ͒ are plotted in Fig. 3 For Dw 00 0, the estimate of the center infrared frequency, v IR t͞w 1 00 , given above yields v IR 24.1 THz, in excellent agreement with the experiment. As expected, the measured spectrum in Fig. 3 (squares in the top row) is very significantly narrower than the broad amplitude of R͑v͒ jE REF ͑v͒j 2 (dotted curve). Furthermore, we tuned this narrow-band radiation from 19.7 to 35.5 THz by varying t. In the case of Dw 00 fi 0, Eq. (3) yields w IR 00 w 1 00 2w 2 00 9220 fs 2 , which agrees (to within less than 10%) with the experimental values. Comparison between the experimental data and the simulation shows that the emitted infrared field is very directly linked to the time-dependent optical intensity, I exc ͑t͒, and is thus perfectly controllable. Discrepancies that are especially noticeable in the amplitude can arise from our assumption of an instantaneous x ͑2͒ (which is questionable close to the absorption edge) and from the assumed transfer function. 12 In conclusion, we have demonstrated that optical rectification permits direct broadband shaping in the mid infrared by shaping of visible pulses. In particular, we were able to generate coherent mid-infrared transients of various shapes, including tunable narrow-band radiation and broadband radiation with a controllable amount of second-order dispersion, either positive or negative. These results demonstrate that existing near-infrared pulse-shaping techniques permit the generation of arbitrarily shaped mid-infrared pulses. Amplification of such pulses is the next step toward direct coherent control of molecular vibrations by use of mid-infrared radiation.
